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ABSTRACT 
Iowa State University researchers are in the process of developing a new wind tunnel. 
This tunnel will be able to perform a wide range of tests. It will not only be used in an 
aerodynamic (Aero) test section configuration, but also in an atmospheric boundary layer 
(ABL) type configuration. It will be able to create a model of the turbulent boundary layer 
that all structures in the atmosphere are submersed in. The tunnel is designed to utilize both 
closed return as well as open return tunnel configurations. This will enable the tunnel to reap 
the benefits of both types of tunnels. Currently most of the ABL studies rely on the 
assumption that atmospheric velocity variations are adequately modeled by stationary mean 
and turbulent flow properties. The ISU Aero/ ABL tunnel will be able to develop non-
stationary flows to help better study and understand this type of phenomena. The primary 
concern and area of research reported here has been to develop this non-stationary flow 
device by modeling and testing the design. The results shown reflect that a 107% gust can be 
achieved by the model, but with some changes to the design, a higher magnitude gust can be 
achieved. 
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CHAPTER 1 INTRODUCTION 
1.1 Wind Engineering 
Wind tunnels were originally conceived for designing aircraft but today are used for 
many more applications. A wind tunnel provides a controlled environment to study 
aerodynamic forces on various objects such as aircraft, automobiles, man-made structures, 
and even people. Studying the effects of wind on these various objects is called wind 
engineering. This field of study is more recent than the general study of aerodynamics. 
One of the reasons for studying the interaction between wind and structures is to predict the 
wind loads on structures in order to design safer structures that will be able to withstand 
winds that could be produced in the area. This will eventually lead to less loss of life and 
property in storms and other atmospheric phenomena. For example, it has been stated that 
hurricane Andrew was one of the most costly storms of the century. It resulted in 15 deaths 
and property damage estimated at 25 billion dollars (Rappaport,1993). These figures might 
be smaller if building codes used more complex models such as gusts instead of just straight 
line winds. 
Iowa State University is in the process of developing a new atmospheric boundary 
layer (ABL) wind tunnel which will have an aeronautical test section as well as an ABL test 
section. This will have a profound impact on the wind engineering community as it will have 
a high test section velocity for its size. In addition to this, it was decided that the tunnel will 
have the capability to model wind gusts. 
Boundary layer wind tunnels have played an integral role in the design of wind sensitive 
structures for decades. Capable of simulating the lower portion of the earth's atmospheric 
boundary layer, these tunnels have enabled the safe design of long-span bridges, tall 
buildings, towers, and a host of other unique structures. This paper describes the current 
work at Iowa State University to design and build a aeronautical/atmospheric boundary layer 
wind tunnel with significant advanced features. 
One of these advanced features concerns the primary assumption in the current 
practice of boundary layer wind tunnel testing-that atmospheric velocity variations can be 
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adequately modeled by stationary mean and turbulent flow properties. Extreme wind loads, 
however, result primarily from extreme weather events (such as gust fronts, hurricanes, etc.) 
where non-stationary gusts, transitional flow structures and rapid wind directionality changes 
may play a significant role. The current state-of-the-art boundary layer wind tunnels are 
incapable of simulating the effects of such events. 
This introductory section summarizes the technical issues faced by wind engineers and how 
they relate to atmospheric boundary layer (ABL) wind tunnels-the wind engineer's tool of 
choice for the past several decades. 
Wind tunnel simulation of the earth's atmospheric boundary layer is a well-
established practice. Numerous researchers have contributed to the set of tools now in use for 
generating wind tunnel boundary layers that are several feet deep (for example, Cermak 
1971, Davenport 1966, Cook 1973, Farell & Iyengar 1999). Conventional approaches 
employ a combination of passive devices such as spires, barrier walls, and floor roughness to 
generate boundary layers of the same scale as the geometric scaling of structural models 
placed in them. 
It is conventionally assumed that atmospheric velocity variations can be adequately 
modeled by stationary mean and turbulent flow properties. This assumption means that 
despite the fact that hurricanes and gust fronts can have non-stationary characteristics, wind 
sensitive structures are tested in stationary flow environments. Wind tunnel turbulence 
intensities are matched to site values, and wind tunnel integral scales are scaled with the 
geometric scale of the structural models. While this conventional approach has served (and 
still serves) research and industrial needs for some time, the following section summarizes 
how new tunnel capabilities will allow investigation of issues that cannot be addressed with 
the current generation of wind tunnels. 
1.2 Why Gusts? 
Currently, most wind engineering research is accomplished by applying straight line 
winds to a model. Some problems involve gusts of wind which current wind tunnels can not 
model effectively. Wind engineers might consider computational fluid dynamics techniques 
to help model these phenomena, but Cochran states that time-averaged CFD turbulence 
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models have proven inadequate for gusty or turbulent flows (2000). This leads to the need 
for a way to incorporate a wind gust into wind tunnel studies. 
1.3 Why Generate a Gust in a Wind Tunnel? 
In order to understand how a gust can affect a structure, one should be able to 
simulate it effectively in a controlled environment. Wind tunnels are designed to be 
controlled environments in which to simulate flow conditions. If one can create a gust in a 
wind tunnel, it can be applied in a similar fashion repeatedly leading to statistical studies that 
could be performed. It also gives the tunnel the capability to introduce a given gust pattern to 
a flow. 
Wind gusts are associated with many atmospheric events such as gust fronts, 
downbursts, hurricanes, tomados, etc. They are usually quantified by recording the sustained 
mean wind speed and the highest wind speed attained. Numerous records have been found in 
the literature for wind gusts recorded. For example, two gusts were found from hurricane 
studies. The variation from the sustained wind, in percent, was tabulated and then averaged. 
The average recorded wind gust from Hurricane Andrew was 28% higher than the sustained 
wind (Rappaport,1993). In the year 2000, Hurricane Karen produced a 24% gust (Stewart, 
2002). The goal of the gust generator is to achieve a 25% velocity change. With this, one 
would be able to effectively model some average gusts. In general, the higher the sustained 
velocity is, the lower the velocity change will be. 
1.4 How to Generate Gusts in a Wind Tunnel. 
Large-scale turbulent gusts constitute an important aspect of wind tunnel simulation. 
Passive turbulence generation techniques (such as the obstacles described previously) have 
been shown to produce only a limited range of possible integral scales (Bienkiewicz et al., 
1983). These scales are often not large enough to match prototype scales. As a result, active 
turbulence generation schemes have been developed to produce integral scales up to an order 
of magnitude larger than those of passive techniques. These techniques generally involve 
grids, flaps, airfoils (and combinations of them) that are forced to oscillate (Bienkiewicz et 
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al. 1983, Huston 1986, Cooper 1991, Kobayashi et al. 1994, Nishi & Miyagi 1995, Cermak et 
al. 1995). 
While such devices are useful for generating stationary velocity fluctuations, they 
have not generally been used to simulate the non-stationary gusts that can occur in 
hurricanes. Anemometry data from hurricanes has shown that velocity records are non-
stationary at times (Schroeder & Smith, 1999). Thus far, however, no wind tunnel studies 
have investigated the impact of such nonstationarity on aerodynamic pressures on structures. 
The ABL wind tunnel at Iowa State will have the capability to conduct such tests. 
Several goals guided the gust generator design process. From the literature, various features 
of wind gust events were collected (in part, this list includes: Mitchell & Hovermale 1977, 
Sherman 1987, Holmes & Oliver 2000). Gust and velocity fluctuation magnitudes can be 
significant fractions of the mean wind velocity. Velocity changes sometimes involve 
transitory peaks and sometimes involve a change from one mean velocity to another. In 
addition, wind tunnel velocity changes would have to occur rather rapidly. Extreme wind 
events can occur on time scales of minutes but can also occur at time scales of seconds. For 
wind tunnel model scaling ratios of 1: 100, time scales of wind tunnel velocity changes may 
need to be fractions of seconds. 
As has been stated previously, a number of different methods of turbulent gust 
generation have been implemented. To create the above flow features, however, conventional 
means like oscillating vanes or airfoils would not be practical. Changing mean flow speed 
using "lossy" devices such as vanes increases the power required of the fan. Flow speed 
changes could also be accomplished by changing the speed of the fan-but the inertia of the 
fan precludes speed changes on time scales required. 
The basic design chosen to accomplish the above requirements was a bypass duct. 
This bypass duct (conceptually similar to the transition facility described in Saric 1992) 
diverts flow from the main duct. This diversion reduces the flow velocity in the main test 
section. Computer-controlled valves dictate the amount of flow diverted and the time scales 
involved. A bypass duct was selected because it offered an easy way to disable the system 
when not in use and did not limit the test section size as other design possibilities could have. 
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CHAPTER 2 EXPERIMENTAL SETUP 
In order to model a gust, the wind tunnel must be capable of changing the wind 
velocities by some specified amount, in a finite amount of time. One method of doing this is 
to divert flow from downstream of the fan, to upstream of the fan. This essentially creates 
two tunnel loops in the wind tunnel. When the flow is split in such a manner, the test section 
velocity will drop. If the flow is controlled quickly, this velocity drop can come in a 
relatively short amount of time. The amount of change is dependent on the amount of flow 
that can be diverted, which in tum is dependent on the cross-sectional area of the bypass duct 
and the losses through the bypass duct. 
2.1 First Setup 
The first configuration of this test setup was a side duct configuration. This stems 
from previous work on the project that dictated a single side duct due to physical restrictions 
of the size of the room in which the wind tunnel was going to be built (Spencer-Berger, 
2002). In order to get the largest tunnel that the facilities would permit, the tunnel was 
designed to utilize as much space as possible. This was during the time in which the 
proposed fan size for the full size tunnel was to be 12 feet in diameter. It has since been 
reduced to 9 feet in diameter, opening up more room for a symmetric two-sided duct design. 
The single duct design was designed to pull flow from the downstream side of the fan and 
divert the flow to a point upstream of the fan. Previous work demonstrated that pulling fluid 
from one side of the tunnel and diverting it upstream of the fan in this manner gives the fan a 
highly unsymmetrical flow profile. This can lead to unsteady loading on the fan and 
unnecessary stress on the fan. This problem required finding a way to extract the flow in a 
more symmetric fashion. This was attempted by creating a transition section that draws flow 
from the entire circumference of the tunnel wall through a transverse slot and directs it to a 
point upstream of the fan to another transition section. This system will be referred to as the 
bypass duct. 
This setup incorporated a Cincinnati fan model DDF tube axial fan model number 12-
4-30 with a% hp motor. This model of fan is a direct drive tube axial fan which means the 
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motor is in the flow and is directly connected to the fan blades. The rest of the model was a 
closed return type wind tunnel made of tubular concrete forms mainly of 7 inch inner 
diameter. The transition sections were made of a Plexiglas® sheet wrapped around two 
cardboard circles that formed a cylindrical shape. The flow went through a coarse wire mesh 
screen when entering and exiting the bypass duct. The bypass duct was made of the same 
tubular concrete form material as shown in figure 2.1. 
Figure 2.1 Closed circuit tunnel configuration 
Figure 2.1 also shows the building geometry, the main tunnel and the concept of the 
tunnel with the bypass duct around the fan section. One of the goals with this model was to 
extract and replace the bypass flow from the main tunnel flow in a uniform manner. The 
reasoning behind this was to make sure the velocity profiles upstream of the fan were 
uniform so as to not cause unwanted vibrations on the fan. This was attempted with the use 
of the special transition sections. Figure 2.2 shows a closer look at how these sections were 
constructed. 
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Figure 2.2 Transition section view 
2.2 Second Setup 
Several changes were made from the initial configuration. Since the fan for the full 
size tunnel was going to be smaller, the available room for the duct system was going to be 
greater, so a larger symmetrical, two duct system was designed. 
Time was a factor in designing this system, therefore, a simple box shaped duct system was 
developed. It consisted primarily of a box that surrounds the fan and the main tunnel and 
created two symmetric ducts to reciruculate the flow. Two other changes are the type of fan 
used and the type of wind tunnel. The fan was changed to a belt driven tube axial fan from a 
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direct drive axial fan model. A Cincinnati Fan BAFA 12-4-20A with a* hp motor was 
chosen. These changes were intended to correct two issues raised in the previous model. 
The first issue is the temperature change associated with having the motor in a closed-loop 
tunnel. This caused problems in the anemometry system. As one would be taking a profile, 
the closed loop nature of the wind tunnel would reuse the same air and eventually heat that 
air up. In the process, this would make the hot wire anemometer read different values than 
they actually would be at the given velocity. Another problem that is being addressed by 
switching these fans is the blockage created by having such a large motor in the fan tube. It 
was hoped that the belt drive version of the fan would have less blockage. It will be shown 
that the belt guard did cause some other issues. 
The other major change in this model design is that it is an open return type tunnel. 
This was mainly to help with the heating problem. Figure 2.3 shows a picture of this setup. 
Figure 2.3 Open circuit tunnel configuration 
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Figure 2.4 Top view of open return model tunnel showing motor and belt guard 
The top view can be seen in figure 2.4. This shows where the fan belt guard enters 
the tunnel. The arrows show the concept of the flow being bypassed around the fan. 
The tunnel was designed to give a velocity range in the duct that would be easily 
measurable by hot wire anemometry. Appendix B gives the loss coefficient calculations and 
tunnel dimensions. 
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CHAPTER 3 TEST RESULTS 
3.1 First Setup 
The first tunnel setup created some interesting results. As mentioned, the duct was on 
one side of the tunnel and therefore the velocity profiles were unsymmetrical due to the flow 
being extracted and reintroduced solely on one side of the duct. 
There were primarily six places where velocity profiles were taken. There was one in 
the test section area and one in the bypass duct in addition to directly upstream and 
downstream of each transition section. Figure 3.1 shows the locations where most of the 
profiles were taken. 
Locations of Velocity Profiles 
Transition 1 Transition 2 
Figure 3 .1 Locations of Velocity Profiles 
3.1.1 Velocity Profiles 
The velocity profiles taken with this arrangement were not initially very promising. 
They were asymmetrical around transition 2 for various reasons as will be explained later. 
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The velocity profiles are in order from downstream going upstream. For example, in Figure 
3.1, the flow goes in a clockwise direction, the profiles start downstream of transition one 
(Tl) and go counterclockwise from there. Figure 3.2 shows the velocity ratio profiles (with 
respect to the center velocity) of the original setup. Also included are the turbulence 
intensities. Turbulence intensity is shown in equation 1. The root mean squared velocity 
divided by the mean velocity at each station. 
I= J:J u 
(3.1) 
Turbulence intensity is a way of quantifying the amount of turbulence in a flow. It is 
known that the hot-wire data are unreliable when the turbulence intensity is above 20%. 
Upstream T1 Upstream T2 
1:~i=~· n~;~1 I:~~ r-~-ti:If l ~~ i 
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 
x/D x/D 
I • Velocity -+-Turbulence Intensity I I • Velocity -+-Turbulence Intensity I 
Downstream T1 Downstream T2 
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 
x/D x/D 
I • Velocity -+-Turbulence Intensity I I • Velocity -+-Turbulence Intensity I 
Figure 3.2 Velocity profiles and turbulence intensities from four locations in model wind tunnel 
12 
As can be seen from Figure 3.2, downstream of both transitions is a fairly symmetric 
profile. It fluctuates a little, but at least it is symmetrical. Just upstream of transition 1, the 
flow is less symmetric. The left, or "outside" portion of the flow is slower than the right 
side. Downstream of transition 2, one can see this dramaticloss of velocity on the left. As 
well, one can note that the turbulence intensity rises on both sides, partially due to the 
transition. Just upstream of transition 2, one can see an unsymmetrical profile. This may 
stem from the quality of comers and turning vanes. The right side shows a lower velocity 
and higher turbulence that suggests separation coming around the comer. 
3.1.2 Transition Section Shift 
One attempt to study the profile distortion created by extracting flow was by shifting 
the transition sections and obtaining velocity profiles at each of the main locations for each 
configuration. There were four cases studied (Figure 3.3). They are the original, the original 
minus 0.5 inches, the original minus 1.0 inches, and the original minus 1.5 inches. Plots 
comparing these configurations are available in the appendix c. These plots show how the 
symmetricalness of each profile changes as the configuration changes. From these, it was 
estimated that the "original minus 1.0" is the best for transition 1 and for transition 2, the 
original configuration gives the best results. It should be noted that original minus 1.0 has 
the main tunnel centered in the transition section. From appendix C, the composite 
configuration of "original minus 1.0" for Tl and "original" for T2 was tested. Figure 3.4 




Original - 1.0 
0 
Original - 0.5 0 O•;g;nal-1.5 
Figure 3.3 Diagram showing shift of transition section tunnel positions 
Upstream T1 
0 0.2 0.4 0.6 0.8 
x/D 
I • Velocity -+-Turbulence Intensity j 
Downstream T1 
1.1~- 1 12-0 
l:~~QBE H~~; 
0 0.2 0.4 0.6 0.8 
x/D 
I • Velocity -+-Turbulence Intensity j 
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Upstream T2 
0 0.2 0.4 0.6 0.8 
x/D 
I • Velocity -+-Turbulence ntensity I 
Downstream T2 
t:~rtf:f:§H 
0 0.2 0.4 0.6 0.8 
x/D 
I • Velocity -+-Turbulence ntensity I 
Figure 3.4 Velocity profiles with the composite transition configuration 
It _can be seen in these plots that the velocity profiles still start out asymmetrically. 
This makes it hard to tell the true effects of the bypass duct and transition section system 
This is one of the reasons for the redesign of the model tunnel. An open circuit tunnel has no 
turning vanes to worry about and helped solve some other issues as well. 
3.1.3 Velocity Change 
From the profiles taken, the change in velocity can be obtained. Figure 3.4 shows the 
duct open case. Figure 3 .5 shows the velocity profiles with the duct open and closed off. 
The difference between these two provides the velocity change. Just averaging the velocities 
across the profile, one can come up with an average velocity for the section. If this is done 
just downstream of Tl, one can get the velocity change that the bypass duct will produce. 
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Upstream T1 Upstream T2 
ti:i!rm;rj 
0 0.2 0.4 0.6 0.8 1 
x/D x/D 
I__._ Closed _._ Open I I_._ Closed __._ Open I 
Downstream T1 Downstream T2 
t ~:ii~~ ·~1~=:!~ ~=+ ::::~; ~ •:~-i· ~ 0.75 -t-E----1--l-t----t------1----1 If~~ t-?lP-iJJ! ~§ 
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1 
x/D x/D 
I_._ Closed _._ Open I I_._ Closed __._ Open I 
Figure 3.5 Profiles from the composite configuration with the duct open and closed. Note the 
open velocity is normalized with the closed center velocity. 
The velocity change calculated from just averaging the velocities was 3.26%. To 
check this, the average flow rate was calculated and the change via flow rates was 3.49%. 
This was lower than the 25% change that was expected. 
3.2 Second Arrangement 
To raise the velocity change, the area of the bypass duct needed to be enlarged. This 
is when the design for the double bypass section came about. More building room allowed a 
better design for the duct system 
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3.2.1 Predicting Velocity Change 
The main goal of the second tunnel design was to be able to validate the prediction of 
the velocity change. The actual amount of velocity change was not as important. 
One item that is needed is the loss coefficient values for the bypass duct. This is determined 
empirically by closing off the tunnel inlet and outlet so the flow from the fan only goes 
around the bypass duct loop. Then, knowing the pressure drop across the fan and the average 
velocity in the duct, one can determine the loss coefficient, KBv, as in equation 3.2. 





This also works for determining the Kr value for the model tunnel. This results in a 
similar equation 3.3. 
KT= tl.p 
1 u 2 
2p T 
(3.3) 
When both the bypass duct and the wind tunnel duct are open, the pressure drops 
through both are equal. Equating L1p from equations 3.2 and 3.3 leads to the relationship of 
the ratio of the velocities as shown in equation 3.4. 
UBD -~T -- --
UT KBD 
(3.4) 
From this point one can define the total flow rate, which is the sum of the tunnel and 
bypass duct flow rates. This will be the flow rate in the fan. Using this relationship, and the 
above equations, one can obtain a final expression to predict the tunnel flow rate if the area 
ratio, loss coefficient ratio, and total flow rate (fan flow rate) are known. This is shown 
below. 
Qtotal = QT + QBD 
QBD = ABD ·UBD 





Where Asv is the cross sectional area of the bypass duct, AT is the cross sectional area 
of the main tunnel, QT is the flow rate in the main tunnel, and Qtotal is the flow rate in the fan. 
Substituting equations 3.6 and 3.7 in to equation 3.5 yields: 
QT = __ Q_to_tal~= 
I+ ABD ~ K, 
AT KBD 
(3.8) 
With the loss coefficients Ksv and KT known, equation 3.8 can be used to estimate the 
flow rate in the tunnel. The tunnel flow rate without the duct system is a function of the 
cross sectional area and fan data and can be calculated. Using this, and knowing the total 
flow rate, which is the flow rate with no bypass duct, and using the area ratio and the loss 
coefficient ratio, one can predict the flow rate in the tunnel when the bypass duct is open. 
One should note that for a larger Asv, the QT will be smaller. A smaller loss coefficient Ksv 
will also lead to a smaller tunnel flow rate, QT. 
With these velocity profiles, flow rates were estimated by averaging the velocities 
and multiplying by the area. These flow rate estimates were taken at points A, B, C, and D in 
several configurations, namely with the duct open, with the duct closed, with the tunnel only 
(no bypass duct), and with the bypass duct open and the tunnel closed off. 
This means for the model tunnel, the estimate for the total flow rate can be given as 
the flow rate at point B, 937 cfm, which is directly upstream of the fan. Using Ksv and KT 
values of 35.82 and 12.74, respectively, one can estimate the flow rate after the bypass duct. 
Using these numbers, a flow rate of 679 cfm was estimated. The actual flow rate measured 
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was 634 cfm. This is a 7% difference, which is reasonably close given the inexactness of the 
measurements. 
3.2.2 Velocity Profiles 
Table 3.1 Summary of flowrate prediction 
calculations 
01otal = 937 cfm 
Aso = 0.046 m<! 
AT = 0.073 m<! 
Kso = 35.8 
KT = 12.7 
Analytical Prediction: 
QT = 679.3 cfm 
The velocity profiles obtained from this setup were not as easy to analyze as the 
previous model. The main reason for this was the belt guard on the fan. The wake it 
produced made the profiles look skewed. Figure 3.6 shows a diagram of the fan that 
illustrates the fan belt guard. 
Being able to predict where the wake would end up (and seeing if it did,) made the 
profiles much more reasonable looking. For the model tunnel, flow rates were measured by 
using hotwire anemometry to measure velocity profiles in the horizontal and vertical planes, 
then interpolating along the diagonal sections at + 45° and - 45° as shown in figure 3.7. 
Figures 3.8 through 3.11 show the horizontal and vertical velocity profiles for points A,B,C, 






Figure 3.6 Diagram of fan cross section illustrating fan motor belt guard. 
' 
' ' ' 
, , , , 
' 
, 





' ' ' ' ' 
, , , , , 
' 
, , , , 
, 
, , 

















' ' ' ' ' ' ' ' 





, , , 







, , , , , , 
' ' ' ' ' ' 
Figure 3.7 Cross sectional view of model tunnel illustrating where velocity 
profiles were measured (solid lines) and where interpolated (dotted lines) 
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Horizontal Velocity Profiles - Duct Open 
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Figure 3.8 Horizontal velocity plot at points A and B 
Horizontal Velocity Profiles - Duct Open 
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Figure 3.9 Horizontal velocity plot at points C and D 
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Vertical Velocity Profiles - Duct Open 
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Figure 3.10 Vertical velocity plot at points A and B with top of duct at 0 (in.) 
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Again, it is important to note that the wake from the fan belt guard can be seen at 
points C and D in both the horizontal and vertical profile plots. This is a concern, but it is 
important to remember that the flow rate can still be estimated regardless of the profiles and 
it is the best that can be done in this situation. This will be shown in the next section. 
Another point to note is that the velocities at point B are always higher than at point A. This 
is due to the flow being introduced from the bypass duct. This is one desired outcome that 
shows flow is being redirected around the fan. 
To visualize the velocity in the tunnel better, a Matlab® contour plot was created of 
the velocity at various points in the tunnel. The diagonal velocities were interpolated from 
the horizontal and vertical velocity profiles. All of the velocity profiles shown are 
normalized by dividing by the center velocity. This makes the values dimensionless so as to 
allow transfer to full scale. 
Figure 3.12 shows the normalized velocity at Point B, which is directly upstream of 
the fan. This should be a fairly uniform profile. It shows that most of the velocity is roughly 
twice what it is at point D which is beyond the bypass duct system. 
Contour Plot of Velocity at B normalized by mean at 0 
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Figure 3.12 Velocity contour plot at Point B normalized with average velocity at point D 
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It is reassuring to notice that it is a fairly uniform plot. This means the fan will see a 
fairly uniform profile. The flow contour plot at point C is shown in figure 3.13. 














-5 __ ...__ - ·· 
.5 -4 -3 -2 -1 0 2 3 4 5 
Horizontal 
Figure 3.13 Contour plot of velocity at point C normalized by the mean velocity at 
point D 
Of particular interest at point C is the fact that there is a large region of lower velocity 
flow in th~ center and rightmost portions of the plot. The reason for this is assumed to be the 
fan belt guard as mentioned earlier and illustrated in figure 3.7. It is off to the right side 
presumably due to swirl induced by the fan. It is not easy to calculate the swirl component in 
the fan, but the limit that the swirl component could be can be calculated to see if this theory 
can be ruled out. 
To find the limit, it is assumed that the maximum swirl would be produced if the 
swirl component were equal to the velocity of the fan blades. The fan rpm is 2988 as the 
Cincinnati fan specification website states (2003). That equals 313 rad/s. Assuming the flow 
swirls only between the end of the belt guard and the honeycomb, the distance between those 
is 4.5 inches. Using this and knowing the average velocity of flow (obtained from the flow 
rate at point B) around the fan is 6.3 mis or 250 in/s, we can define 'tswirI as the time the flow 
moves from the belt guard to the honeycomb. In this case, 'tswirI equals 0.01848 s. Also, 
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assuming the air is rotating 313 radians every second, the maximum angle of twist would be 
323.6 degrees. The actual angle will be less. At least it does not rule out the theory that the 
wake is being rotated 90 degrees. Irrespective of that, the main importance of the 









Contour Plot of Velocity at D normalized by mean at D 
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Figure 3. 14 Contour plot at point D normalized with the mean velocity at point D 
From figure 3.14, one can see that the flow is being extracted out the sides and 
leaving slower flow beyond the bypass duct section where it would be normally higher. This 
creates a void in the flow through the center section. 
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Another item to note is the differences between the profiles from A to B and from C 
to D. This would show the flow being extracted and the flow being injected from the main 
tunnel. Figure 3.15 shows the difference between profile B and profile A. This is the 
difference in the absolute velocities normalized with the average velocity at point D. It 
shows that the flow is being introduced at the sides more than it is at the top or bottom of the 
tunnel. Figure 3.16 shows that the biggest difference between points C and Dare at the sides 
of the tunnel where extraction takes place. 
Contour Plot of Velocity Difference 8-A normaliZed by mean at D 
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Figure 3.15 Profile plot of the difference between B and A. This shows the flow being 
injected into the main tunnel 
The difference between points C and D shows that most of the difference is on the 
sides, which is where the flow is being extracted. This can be seen in figure 3.16. The large 
region of low velocity change is due to the wake of the fan belt guard. 
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Contour Plot of Velocity Difference C-0 normalized by mean at 0 
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Figure 3.16 Profile plot of difference between C and D. The largest difference is on 
the sides where the flow is being extracted. 
3.2.3 Time Series 
One of the requirements of the gust generator is to be able to match the time scale of a 
gust. Tliis is essentially accomplished by studying an actual gust and defining some 
parameters. One such parameter is 't, the time for the gust to go to the mean windspeed value 
to the peak windspeed value. Figure 3.17 shows this concept. This example windspeed plot 




Figure 3.17 Example windspeed plot with gust time 't highlighted 
This is an important characteristic to be able to reproduce in the wind tunnel. If the 't 
is large, it is not abrupt enough to be considered a gust. 
One important point is that when comparing the scales of full scale vs. wind tunnel scale, the 
time scale needs to be taken into account. The time scale is the time it takes for a particle to 
move a certain distance. For example, let us define a velocity scale Av as in equation 3.5. 
,.t = Vmode1 
v V fullscale (3.5) 
Similarly, a length and time scale can be defined as in equations 3.6 and 3.7, 
respectively. 




Substituting equations 3.5 and 3.6 into 3.7 yields equation 3.8. 
£model 
Ar= Tmodel Lfullscale Ar, 






Then, for example, assuming a length scale of 1/50 and a velocity scale of Yz, the time 
scale ratio will be 1/25 or 0.04. This leads to equation 3.9. 
T model = 0' 04 · T fu/lscale (3.9) 
Thus, if a particle were to take 60 s to travel a distance in the full scale, it would take 
2 .4 s to go the scaled distance in a wind tunnel. This is important because to match a gust in 
the full scale wind tunnel, this time scale must be used to ensure the model tunnel will 
accurately model a gust in the full scale tunnel. 
Some data taken to show the relative scale for the time plot is shown in figure 3.18. It 
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Figure 3 .18 Time series of duct valve opening 
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The equipment used in this research is summarized in table 3.2. The velocity data 
was taken with a hot wire anemometer system. The hot wire anemometer system was 
calibrated using a calibration wind tunnel along with a pitot probe and a pressure transducer 
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and fitting a 4th order polynomial to the pressure and velocity data. The pressure data was 
taken with various manometers as listed in table 3.2. 
Table 3.2 Summary of test equipment used 
Test Equipment Used 
Item Description 
Computer Dell Precision Workstation 340 
P4 1.70 GHz Processor 
512 MB Ram 
Hot-Wire Anemometer A. A. Labs AN-1003 
Hot-Wire Anemometer 
Data Acquisition National Instruments 
SCD-68 
DAO Card 
Pressure Transducer Setra Datum 2000 
Pressure Transducer Scanivalve 3217 Diqital Sensor Array 
Hot-Wire Probe Auspex Corporation 
Straight wire probe 
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CHAPTER 4 RELATION TO ACTUAL TUNNEL DESIGN 
4.1 Geometric Similarities 
This model is geometrically similar to the actual gust generator design in some 
respects. The size was based on the fan size ratio. The diameter of the full size fan is 9 feet 
and the model tunnel fan is 1 foot, so the model is based on a 9: 1 ratio. The inside 
dimensions are scaled by this ratio. 
One quantity that could not be matched was the Reynolds number. The maximum 
velocity in the full scale tunnel is 40 mis in the 2.44 m x 2.29 m test section. This leads to a 
velocity at the fan of 37.82 mis. The corresponding Reynolds number is 2.21 x 105. If that 
Reynolds number were to be obtained in the model tunnel ( 1/91h scale) the velocity would 
need to be 340 mis. This is not achievable for this type of model. 
Another goal of the project is to compare the time scales of a gust in the model tunnel versus 
a full scale gust. One can measure the amount of time for the velocity to go from the mean 
value to the peak value. Let this amount of time be called 't as in figure 3 .17. 
4.2 Matching K Values 
It was not as important to match the loss coefficients of the model and the actual 
design as it was to be able to predict the flow velocity after the duct. If one can predict what 
will happen in the model, one can predict what will happen at full scale reasonably 
accurately. 
Predicting Ksv can be a real challenge since the geometry of the bypass duct is not 
standard, one must estimate the loss coefficient by using equation 3.2 and estimating the 
average velocity in the bypass duct. This has also proved to be somewhat difficult because 
the flow profile in the bypass duct was not uniform due to the crude model and the flow 
asymmetry caused by the fan belt guard. If a predicted loss coefficient can come reasonably 
close to the estimated loss coefficient, the full scale loss coefficient will be able to be 
predicted. Figure 4.1 shows how the duct was broken into sections and table 4.1 shows 
various loss coefficient values and how they compare with the full scale values. 
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Figure 4.1 Diagram of bypass duct used to predict the loss 
coefficients 
Table 4.1 Summary of bypass duct loss coefficients. 
Bypass Duct Loss Coefficients 
Section Type Model Full Scale 
1 Square Entance K1 0.5 0.5 
2 Screen K2 0.2 0.2 
3 Area Contraction K3 0.3 0.45 
4 Constant Area K4 0.1452 0.064 
5 Area Expansion KS 0.4 0.4 
6 Screen K6 0.2 0.2 
7 Square Entance K7 0.5 0.5 
Table 4.1 was constructed by making several assumptions and rough calculations to 
attempt to estimate the loss coefficients in the bypass duct. Appendix D has the full set of 
calculations. The total predicted loss coefficient for the model tunnel is 3.52. The estimated 
coefficient for the full scale tunnel was 3.43. This is a small change, so it is sufficient to 
assume the loss coefficient will be on the same order for the full scale wind tunnel. 
If the measured and predicted model K8v values are compared, the predicted full scale 
loss coefficient for the bypass duct will be 34.87. 
To predict the velocity change, an iterative solution is used. For the case without the bypass 
duct in the system (the duct closed off), equation 4.1 can be used to get the pressure drop. 
1 2 
/!ip tunnel only = 2 P V fullscale KT 
(4.1) 
With both loops open, the pressure drop across the fan will be different. The iterative 
process starts by guessing what the velocity at the fan will be. With that, equation 4.2 can be 
used to calculate the pressure drop. 
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1 2 
Llp tunnel and duct = l P ~nitial KT (4.2) 
With this pressure drop, and using the fan curve for the full scale fan, the flow rate Q0 
can be extrapolated. Using this flow rate, the new velocity in the tunnel is calculated using 
equation 4.3 which is a modified version of equation 3.8. 
(4.3) 
Iterating through these steps until the initial guess velocity equals the tunnel velocity 
yields the velocity when the bypass duct is open. This sort of prediction could not be carried 
out for the model tunnel as the model tunnel was operating off the fan curve. 
This will yield a flow that is 107% of the bypass duct open case. As previously 
mentioned, hurricanes produce on an average a 125% peak gust of the mean velocity, so 
something must be changed in the tunnel to yield this large of a change. One change might 
be to alter the tunnel loss coefficient. Looking at equation 3.8, one can see that raising the 
tunnel loss coefficient, Kr, the tunnel flow rate can be lowered. This will in tum raise the 
velocity change. Also, the width of the slot can be increased. This would lower the bypass 
duct loss coefficient and in tum raise the change in velocity due to the bypass duct. Table 4.2 
shows the effect of altering the slot width and the tunnel loss coefficient change. 
Table 4.2 Tunnel loss coefficient and width of slot effect on bypass duct 
performance 
Slot Width in feet 
1 2 3 4 
0.7 106.9 110.8 112.5 113.4 
1 112.5 116.8 118.9 119.8 
2 30. 5 
3 4. 153.1 155.5 
From table 4.2, one can see that the predicted performance will be a gust that is 107% 
of the sustained velocity. This is lower than desired, but if the slot width is increased, the 
performance can be increased. This does not yield as much increase as raising the tunnel loss 
coefficient though. One way to increase the tunnel loss coefficient could be controlled vanes 
32 
that are computer controlled and operate out of phase with the bypass duct valve system to 
increase the tunnel loss coefficient as the bypass duct is open. This would greatly increase 
the magnitude of the change of the tunnel velocity. Other issues such as test section flow 
quality may arise, and continued study would be needed to know the affect. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
In conclusion, these results have shown that this gust generation device will work. 
The measured and predicted gust magnitudes are lower than anticipated, but table 4.2 shows 
that altering certain aspects of the tunnel with result in acceptable performance. 
5.1 Gust magnitude increase 
Future work on this project should include a study of ways to increase the magnitude 
of the gust. So far the generator produces a 25% velocity change. This is sufficient for gusts 
found in hurricanes. A higher change would be needed for larger gusts such as those found 
in downbursts. There are several ways this could be accomplished. One method is to 
increase the tunnel loss coefficient. The tunnel velocity with the bypass duct open would 
decrease more as seen by the relationship in equation 3.8. 
5.2 Design of duct valve system 
The bypass duct will require some way to open and close the duct effectively. A 
design will need to be produced that should be able to be controlled electronically by a 
computer and should be able to be opened or closed sufficiently quickly. 
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APPENDIX A 
INITIAL MODEL LOSS CALCULATIONS 












Loss Coefficient Calculations 
7t 3.1416 a 0.306796 ft"2 
p 0.0773 lbs.ft"3 Dh 0.625 ft 
µ 1.20E-05 lbs/(ft*s) 
Q 7.7818 cfs 
Section 
1 Constant u = 25.36472 ft/s K = 0.0828000 
Area Length = 1.916667 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
2 Corner Re = 5.01E+04 K = 0.1839474 
3 Constant u = 25.36472 ft/s K = 0.3852000 
Area Length = 8.916667 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f 0.027 
4 Corner Re 5.01E+04 K = 0.1839474 
5 Constant u = 25.36472 ft/s K = 0.0828000 
Area Length = 1.916667 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
6 Corner Re = 5.01E+04 K = 0.1839474 
6.5 Screen Dwire = 0.0013 ft K = 0.1399548 
Wm = 0.033 ft 
Rew = 2.12E+02 
beta = 0.9228 
sigma = 0.0772 
Kmesh = 1.3 
Krn = 1.3241 
7 Constant u = 25.36472 ft/s K = 0.0486000 
Area Length = 1.125 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
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8 Transition (Expansion and contraction) K = 0.2 
9 Constant u = 25.36472 ft/s K = 0.0612000 
Area Length = 1.416667 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
10 Fan 
11 Honey K = 0.2 
Comb 
12 Screen Dwire = 0.0013 ft K = 0.1399548 
Wm = 0.033 ft 
Rew = 2.12E+02 
beta = 0.9228 
sigma = 0.0772 
Kmesh = 1.3 
Krn = 1.3241 
13 Constant u = 25.36472 ft/s K = 0.0612000 
Area Length = 1.416667 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f 0.027 
14 Transition (Expansion and contraction) K = 0.2 
15 Constant u = 25.36472 ft/s K = 0.0504000 
Area Length = 1.166667 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
16 Corner Re = 5.01E+04 K = 0.1839474 
17 Constant u = 25.36472 ft/s K = 0.0234 
Area Length = 0.541667 ft 
Re = 50114.79 
e/D = 0.0015 
f = 0.027 
18 Corner Re = 50114.79 K = 0.1839474 
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19 Constant u = 25.36472 ft/s K = 0.2268000 
Area Length = 5.25 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
20 Corner Re = 5.01E+04 K = 0.1839474 
21 Constant u = 25.36472 ft/s K = 0.0162000 
Area Length = 0.375 ft 
Re = 5.01E+04 
e/D = 1.50E-03 
f = 0.027 
Total K = 3.0221937 
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APPENDIXB 

























0. 7853982 ftA2 
2494.5681 cfm 
0.0528733 in h2o 
2495.3816 cfm 
52.95364 ft/s 












































12 in 0.3048 m 
26.56505 degrees 




For Section 2.5 Constant Area 
Diameter 12 in 0.3048 m 
Length 35 in 0.889 m 
e/D 0.00005 
Section V 16.1415 m/s 
Re 334828.5 
f 0.014698 
K2.5 = 0.042869 
dp2.5 = 6.841336 Pa 
For Section 3 
R1 6 in 0.1524 m 
R2 8.0957 in 0.205631 m 
Length 48 in 1.2192 m 








dp3 = 5.348328 Pa 
Sum of K's 0.0825 
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APPENDIXC 
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PREDICTION OF BYPASS DUCT LOSS COEFFICIENTS 
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Model Full Scale 
w 0.440182 m 3.9624 m 
L 0.72898 m 6.5532 m 
h 0.06096 m 0.6096 m 
Um 0.389382 m 3.5052 m 
hd 0.0508 m 0.4572 m 
r 0.1524 m 1.3716 m 
Bypass duct 0.067084 ems 0 ems 
rho 1.225 kglm"3 
Model 
Section Type Area Velocity K del p 
1 Square Enterance 0.016174 m"2 4.148 mis 0.5 5.268296 Pa 
2 Screen 0.016174 m"2 4.148 mis 0.2 2.107319 Pa 
3 Area Contrac1 big 0.057434 m"2 3 mis 0.3 1.65375 Pa 
small 0.022361 m"2 
4 Pipe 0.022361 m"2 3 mis 0.145 0.800415 Pa 
5 Area Expansi1 big 0.057434 m"2 3 mis 0.4 2.205 Pa 
small 0.022361 m"2 
6 Screen 0.016174 m"2 4.148 mis 0.2 2.107319 Pa 
7 Square Enterance 0.016174 m"2 4.148 mis 0.5 5.268296 Pa 
19.41039 
dynamic pressure bd 5.5125 
KBD 3.52116 
KBD measured 35.82 
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T 
h 4 5 
j_ 2 6 
1 Lm 7 
Full Scale 
Area Velocity K delp 
1.31 m"2 17 mis 0.5 88.44 Pa 
1.31 m"2 17 mis 0.2 35.38 Pa 
4.9 m"2 12.3 mis 0.3 27.89 Pa 
1.81 m"2 
1.81 m"2 12.3 mis 0.06 5.95 Pa 
4.9 m"2 12.3 mis 0.4 37.19 Pa 
1.81 m"2 
1.31 m"2 17 mis 0.2 35.38 Pa 
1.31 m"2 17 mis 0.5 88.44 Pa 
318.7 
dynamic pressure bd 92.97 
KBD 3.428 
KBD predicted 34.87 
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